disease (Ceratocystis ulmi Buisman), and chestnut blight (Endothia parasitica Murrill). Among the insect pests imported are gypsy moth (Lymantria dispar L.), Japanese beetle (Popillia japonica Newman), and the sweet potato whitefly (Bremisia tabaci Gennadius). The many regulations now in place allow for the importation of prohibited plant materials from any part of the world, but under carefully controlled conditions (Code of Federal Regulations, 1999 , 2000 Plant Protection Regulations, 1995) . Plant samples are allowed to enter the United States and Canada, where they are inspected and then established in special quarantine greenhouses. While in quarantine these plants are observed for development of diseases, and tested for numerous virus and virus-like pathogens. These tests are required because infections by these agents on imported stock are usually not visible to inspectors.
In this review, we deal only with those genera that are in the most restrictive or prohibited quarantine category, viz., primarily those crops that are vegetatively propagated (Table 1) . Among the categories of pathogens for which tests are conducted are viruses, viroids, phytoplasmas, and other unknown infectious agents (White and Waterworth, 1996) . A significant percentage of the accessions, especially pome (Malus and Pyrus sp.) fruits and potatoes (Solanum sp.), received in the United States and Canada from many countries are infected with one or more of these pathogens (Table 2) (Kahn et al., 1979) .
PLANT GERMPLASM IN VITRO
We use the term tissue-cultured plant germplasm (i.e., in vitro) to include any combination of cells, meristems, growing points, surface sterilized seeds, or entire plantlets growing on artificial media within aseptic containers. However, our focus is limited to its use in the international exchange of germplasm and especially its role while germplasm is in quarantine upon arrival in North America. Many authors have reviewed tissue culture applications in this regard (Majumdar, 1993; Parliman, 1986; Spiegel et al., 1993; Withers, 1988) . Kahn (1979 Kahn ( , 1986 . Kahn and Mathur (1999) and Foster (1988) discussed the risks vs. benefits of exchanging germplasm between countries. Chor (1991) suggested that exchange of germplasm in vitro reduces the risk of spreading pests between countries, while Diekmann and Putter (1996) list specific steps to follow in collecting tree fruit germplasm for tissue culture. Withers (1988) lists more than 100 genera exchanged between countries as tissue cultures, in addition to a summary of participating countries, transport methods, and success rates.
Current and potential applications of tissue culture have been outlined in many publications (Ashmore, 1997; Bhojwani and Razdan, 1996; Debergh and Zimmerman, 1991; International Board for Plant Genetic Resources, 1988; Ng et al., 1992; Withers, 1988) , while others described the shortcomings of exchanging quarantined germplasm via tissue culture (Ng et al., 1990; Parliman, 1986; Scowcroft, 1984) . The topic of somaclonal variation re- sulting from tissue-cultured germplasm has also been reviewed (Bhojwani and Razdan, 1996; Debergh and Zimmerman, 1991; Nehra et al., 1992) . Spiegel et al. (1993) and George (1996) described many biotechnology-based methods that have potential for use in detecting viruses in plant germplasm. Finally, there are reports on individual crops, including descriptions of pathogens, diseases, methods, media and procedures, such as those on sweet potato (Ipomoea sp.) (Beetham and Mason; 1992) , stone fruits (Prunus sp.) (Diekmann and Putter, 1996) , citrus (Kahn and Mathur, 1999) , and rice (Mew and Misra, 1994 (Withers, 1988) , have shipped germplasm in the form of tissue cultures for many years. However, as mentioned earlier and as cautioned by Kahn (1986) , these shipments are not without hazard. The apparent absence of pests, based upon visual inspection, is no assurance that all dangerous pathogens are absent. Kahn categorized germplasm in tissue culture into four groups based upon pest type, signs of insects, their eggs, nematodes, fungal or bacterial growth, and symptoms indicating the presence of a pathogen in the plant at the time of visual inspections ( Table 3 ). As the table shows, many categories of disease agents are not readily detected by visual observation, and thus they must be assayed for such pests. These include endophytic contaminants occurring intracellularly and intercellularly, surface contaminants not readily amenable to surface sterilants, and contaminants introduced through faulty techniques. Cassells (1992) described some of the procedures for screening in vitro germplasm for these contaminating microorganisms.
ROLE OF TISSUE CULTURE IN NORTH AMERICAN QUARANTINE PROGRAMS

Exchange of germplasm
Vegetative accessions of potato germplasm enter the United States either as tubers, or similar to sweet potatoes, as plantlets in tissue culture (Fig. 1A, Table 4 ). If no pests or 
If present upon inspection: + = the pest would be detected; -= the pest would not be detected; # = some pests in the group might be detected but only with difficulty. y Observation of the pest directly. x Absence of symptoms does not necessarily mean absence of the pest because of long incubation periods or latency. w The pest organism may grow on the tissue culture medium. v The pest organism might carry nonplant pest organisms that may contaminate the medium. Presence of a nonpest contaminant might suggest the presence of a pest or a failure in aseptic procedure. 
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pathogens are observed upon initial inspection, the germplasm is established in preparation for tests for latent viruses and viroids. Germplasm arriving in tissue culture is immediately subcultured by transferring shoots individually into several culture tubes and allowing them to grow into 10-to 15-cm-tall plants. When received as tubers or fleshy roots, accessions are planted, and six to eight growing points from shoots are placed individually on artificial media. Somaclonal variation is favored in cultures when high concentrations of growth regulators are used (Sansavini et al., 1990) . We manage this potential problem by employing low concentrations of growth regulators and discarding plantlets showing changes, such as leaf color or reduction in size of plants. Those that develop from callus, as opposed to meristems, are also discarded if irregularities are noted. Nehra et al. (1992) for example, noted that variants from strawberry (Fragaria ¥ananassa Duch.) arose only from callus, not from meristem tips. For potato and sweet potato, we select the most vigorous plantlet in tissue culture for pathogen testing. This plantlet is subcultured to four to six tubes, two of which are acclimated to growing in a soilless rooting medium and from which leaves are harvested for virus tests. If no pathogens are detected, three to five of the sister plantlets are transferred to a 5% agar medium on which they are shipped to the importer or to the respective germplasm repository (Fig. 1B) . Shoots are less apt to be damaged during transit when on this firm medium.
Cassava germplasm usually arrives as plantlets or shoots in tissue culture but occasionally as cuttings to be rooted. After visual inspection, the cuttings are placed in soilless rooting media, such as perlite, under mist. A plantlet of each accession in tissue culture is divided by transferring up to six growing points individually to fresh media. When tests for viruses are completed, the plantlet on which virus tests were conducted is divided and transferred onto 5% agar medium; after several weeks plantlets are shipped to the importer. Only rarely has stone fruit, pome fruit, currant (Ribes sp.), grape (Vitis sp.), or sugarcane (Saccharum sp.) germplasm been received as tissuecultured plantlets. However, when it is, the plantlets are acclimated to soilless media for growing in the greenhouse and testing for pathogens.
Production of virus indicator test plants
Some of the virus-sensitive indicators onto which imported germplasm is grafted and observed for the development of disease symptoms are not available from North American commercial sources. However, these genotypes are often named in the world literature as the best of several evaluated for displaying symptoms of virus-like diseases. In a few instances, the only indicator known may be the genotype in which the disease was originally described. In some of these situations, plants of the virus indicator are produced from virusfree plants maintained in tissue culture. For example, the indicator cultivars Baldwin and Amos Black of Ribes nigrum L., to which accessions of currants are grafted, are produced in tissue culture, as are the indicators 'Norfolk Giant', Ipomoea setosa L. (Fig. 2A) 
Provide source of tissues for virus tests
Plant tissues in aseptic cultures have been employed in many types of screening and evaluation programs such as determining susceptibility to plant pathogens, resistance to herbicides, or salt tolerance (Bhojwani and Razdan, 1996; Debergh and Zimmerman, A B 1991). However, with few exceptions (Baumann et al., 1984; Singh et al., 1996) , in vitro cultures have not been widely used as sources of tissues on which to conduct tests for pathogens (da Camara Machado et al., 1998 For example, in the U.S. program, the PCR procedure is being evaluated to detect feathery mottle geminivirus in sweet potatoes utilizing tissues directly from artificial media. Tests for other viruses affecting these genera are also performed on plantlets propagated in vitro after they have been potted and grown to a size where adequate amounts of tissue can be harvested for the various tests (Fig. 2 B) . With pome fruits, meristem tips 0.5 mm tall are dissected from heat-treated, infected germplasm, then grown on media containing an antiviral chemical. When shoot tips are 2 to 4 cm tall, they are micrografted onto small, potted, seedling rootstocks. When large enough they become the source of buds on which to conduct graft tests to verify elimination of viruses as a result of tissue culture therapy. Similar experiments are in progress with regard to the stone fruits. Plans are also underway to evaluate in vitro tissues as a source to detect phytoplasmas in pome fruits.
Provide back up in case of loss
Imported germplasm often cannot be replaced if it dies while in quarantine because it originates from such sources as wilderness areas or from markets in other countries where collectors encounter it by chance. Even if successfully established, a number of situations can occur during the 12 to 48 months in quarantine that adversely affect these crops. Crops such as currants, raspberries and tree fruits must undergo chilling to break dormancy. They are grown in unheated screen houses and occasionally do not survive the winter season. Some genotypes are extraordinarily susceptible to domestic pests or diseases and grow poorly. Still others are sensitive to growing conditions, such as water supply, soil pH, fertility, and pesticides. Any of these factors may cause death. For these reasons, accessions of potatoes, sweet potatoes, currants, raspberries, and cassava are duplicated as several plantlets in tissue culture and transfers made to fresh media as necessary, until they are released from quarantine and distributed to the importers (Fig. 3) .
Therapy on virus-infected accessions
A considerable percentage of some genera are infected with one or more virus-like pathogens (Table 2) . Although many of the viruses detected in imported germplasm already exist in North America, distribution of only virus-free germplasm within our countries and to persons overseas is preferred. In some instances, only the pollen or seed from an infected plant is needed by the importer to meet a research objective. Since these may or may not contain virus, they are distributed and the source plant destroyed. However, in most cases, only vegetative propagules can fulfill research or genotype evaluation needs. Therefore, efforts are made to obtain virusfree vegetative material from infected plants.
A considerable body of literature deals with methods for obtaining virus free plants from infected mother plants utilizing cultured tissues. The procedures employed can be categorized into four approaches. Some reports focus on the use of antiviral chemicals (Hansen, 1989) . For example, James et al. (1997) reported elimination of apple stem grooving virus by chemotherapy without heat treatments. Others took the opposite approach; Knapp et al. (1997) and da Camara Machado et al. (1998) eliminated several viruses from pome and stone fruit utilizing heat treatments without use of antiviral chemicals. Postman et al. (1995) eliminated viroids from pome fruit tissues by exposure to alternating high and low temperature. Still others combined heat treatments with chemotherapy to produce virus-free tissues. For example, Deogratias et al. (1989) eliminated several viruses from heat-treated pome and stone fruits by subculturing shoots eight or nine times onto media with high concentrations of antiviral chemicals. Sanchez et al. (1991) eliminated several viruses from potatoes by employing various combinations of heat-treatment and chemotherapy. Finally, virus-free plants can be produced without heat treatments or chemicals because some viruses are not fully systemic throughout an entire plant; and that by isolating several growing points or lateral buds, some may remain virus-free. Bhojwani and Razdan (1996) and George (1996) described several variations on the isolation of meristematic cells or meristems, and listed many examples of viruses eliminated by this approach. Faccioli and Marani (1998) reviewed meristem tip culture and in vitro tip micrografting to produce virus-free plants. Nonetheless, use of a combination of these approaches (heat, antiviral chemicals, and meristem tip isolation) usually produces a higher percentage of virus-free propagules and, for some virus-like pathogens, is the only successful protocol that succeeds (Deogratias et al., 1989; Ng et al., 1992; Spiegel et al., 1993) . Bhojwani and Razdan (1996) list 47 genera from which viruses have been eliminated by using tissue culture.
In our programs, a combination of treatments are utilized in order to obtain pathogen-free germplasm; they include heat treatments, isolation of meristem tips, and use of ribavirin, ('Virazole') 1-b-D-ribofuranosyl-1, 2, 4-triazol-3-carboxamide (Sigma Chemical Co., St. Louis), in the culture medium. Typically, when a virus is detected in accessions of potatoes or sweet potatoes, a plantlet is divided by transferring several growing points individually onto media containing ribavirin (Fig. 4A) . The propagules are then subjected to cycles of 4 h at 35 °C in the light, and 4 h at 31 °C in the dark continuously for 4 to 6 weeks, depending on how well the plants grow under these stressful conditions. Following ribavirin (for sweet potato), or ribavirin plus heat therapy (for potato), several meristem tips are dissected and transferred individually to fresh media and allowed to develop into plants. The tests for viruses are repeated on the most vigorous plantlet after acclimation and growth in the greenhouse. If the pathogen has not been eliminated, the thermal therapy cycle and the virus tests are repeated. By this procedure, virus-free germplasm has been obtained from most accessions. Cultured tissues are also utilized to eliminate viruses from pome and stone fruit accessions. Nearly 50 pome and 12 stone fruit accessions are in various stages of therapy in the United States program. All accessions that are positive for virus in preliminary tests will be subjected to therapy to obtain virus-free germplasm. In vivo micrografted trees and in vitro cultures are subjected to various combinations of heat treatments. Meristem tips are then dissected from heat-treated sources and grown on media containing ribavirin. After several weeks in tissue culture, growing points 2 to 4 cm long are micro-grafted onto small virus-free seedlings (Fig. 4B ). When they have grown to 30 cm, they are retested for viruses. The purpose of these therapy experiments is to improve upon procedures already in place.
Maintain virus cultures
When tests for virus and virus-like pathogens are undertaken, whether they be ELISA, sap transmission, PCR, or graft tests on sensitive indicator genotypes, known positive virus controls should be included. Pathogens, such as the currant reversion pathogen, the cassava frogskin agent, raspberry stunt phytoplasma, several potato viruses, and many more, are not known to occur in North America. Some pathogens are spread by insects or mites, but other means of transmission are not known. These pathogens are obligate parasites in that they can survive only in living tissues. For these reasons, it is prudent to maintain them, not in potted plants, but in tissues or plantlets within the confines of test tubes. Isolates of plum pox virus (Lansac et al., 1998) have been successfully maintained in vitro. Currant reversion and plum pox viruses are also maintained in this manner at the Canadian Centre for Plant Health. Usually this method is not practical if placed in a clean packet. Seed is then de-hulled and surface sterilized in commercial bleach diluted 1:10 for 2 h without rinsing, and placed onto nutrient agar in tubes under sterile conditions. The medium used supports growth of any internal pathogens. After 2 weeks, tubes displaying microbial growth are destroyed. Healthy seedlings, now 6 to 9 cm tall (Fig.  5A) , are acclimated and transplanted to pots in the greenhouse where they are observed for symptoms of disease (Fig. 5B) . The new seed from disease-free plants is considered pathogen-free and is distributed.
PROBLEMS ASSOCIATED WITH TISSUE CULTURES
Although international exchange of germplasm in vitro offers many useful roles, it is not without its limitations (Ng et al., 1992; Parliman, 1986) . Technology is not yet available to grow, maintain, and differentiate cultured tissues of some genera into plants. The importance of a well-equipped laboratory and trained staff is also essential (Bhojwani and Razdan, 1996; Debergh and Zimmermann, 1991) , and is a limitation in many countries (Ashmore, 1997). Love et al. (1987) described the appreciable problem of contamination of tissue cultures by numerous fungal and bacterial pathogens, which have limited the adoption of this means of international exchange.
They also stated that low survival of excised meristems has been a deterrent to the use of tissue culture. Furthermore, different genera, species, or even cultivars within a species, require different media (Bhojwani and Razdan, 1996; Debergh and Zimmerman, 1991; George, 1996) . Scowcroft (1984) described the problems of tissue culture instability and somaclonal variation, as well as the origin and impact of these phenomena, which are exacerbated under in vitro conditions. Another problem with tissue culture is that exchange of germplasm in vitro gives a false sense of health when, in fact, it may be infected with latent virus-like pathogens. Furthermore, as Withers (1988) cautioned, some contaminating fungi and bacteria will not be visible on media that are formulated specifically for growth of higher plants. Finally, tissue culture is seldom used in the deciduous tree fruit industry or by plant breeders. This means that germplasm in this form must be converted back to potted trees from which budwood can be collected for large scale propagation or production of flowers for breeders. This process requires several years to complete.
FUTURE ROLE OF IN VITRO GERMPLASM IN QUARANTINE
International exchange via tissue culture has become a significant means of sharing plant germplasm, especially in crops such as sweet potatoes, potatoes, and cassava (Chandra, 1993) . Withers (1988) listed 135 genera exchanged in vitro among some 50 countries through 1985. The many roles of tissue culture as a tool to collect germplasm and to process it through quarantine have been described (Inbudwood is required as the source of inoculum. However, Jarausch et al., (1999) performed in vitro grafting to transmit apple proliferation and European stone fruit yellows phytoplasmas to healthy rootstocks as a screening method for resistance in Malus and Prunus sp. germplasm.
Detect pathogens on accessions of rice seed
Seeds of several major North American crops, such as corn (Zea mays L.), cotton (Gossypium hirsutum L.), wheat (Triticum aestivum L.), and sorghum [Sorgum bicolor (L.) Moench], are prohibited entry except by quarantine because of fungal or bacterial pathogens they may harbor internally (Kahn, 1979; Kahn and Mathur, 1999; Richardson, 1979) . Many of these pathogens are not known to occur in North America and some are responsible for epidemics in other countries. Rice is another crop whose imported seed must be grown under quarantine conditions (Code of Federal Regulations, 1999) because of seed-borne diseases in other countries (Mew et al., 1988 (Mew et al., , 1990 Thurston, 1973) . Among the pathogens named in regulations or of special concern to growers are species of fungi that cause leaf smut disease (Entyloma sp.), downy mildew (Sclerospora sp.), glume blotch (Melanomma sp.), and blight (Oospora sp.) (Code of Federal Regulations, 1999) .
Some 200 to 300 packets of rice seed are processed through U.S. quarantine annually. Tissue culture has a significant role in insuring that no pathogen escapes detection and becomes established in the United States. The seeds of each accession are inspected and held in water at 56 °C for 15 min, air-dried, and
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ternational Board for Plant Genetic Resources, 1988; Kahn, 1986; Withers, 1988) . One can expect that exchange via in vitro culture will assume an ever-expanding role in meeting quarantine objectives. Among the obvious benefits are reduced risks of moving pathogens and insects with the germplasm because the consignment is small, having originated from meristematic tips or buds, and because the aseptic plantlet system has some built-in pathogen detection capabilities. Cultures free of fungal or bacterial growth are free of pathogens except obligate parasites, such as rusts, viruses, and certain fastidious organisms (International Board for Plant Genetic Resources, 1988; Kahn, 1979 Kahn, , 1986 Kahn and Mathur, 1999) . For these reasons, the quarantine regulations of some countries have been made less restrictive (Miller-Jones, 1986 ) when germplasm is imported in the form of tissue cultures (Ng et al., 1992; Withers, 1988 Cultured tissues will also become more widely adopted as the source of tissues on which to conduct tests for pathogens. As new diagnostic technologies that require very small amounts of tissues become available, we can expect that they will be utilized for routine use on large numbers of quarantined samples. Singh et al. (1996) employed ELISA, nucleic acid hybridization, and a dot immuno binding assay to detect several viruses in potato cultures, while Baumann et al. (1984) detected two viruses by ELISA tests in sour cherry (Prunus cerasus L.) plantlets cultured in vitro. da Camara Machado et al. (1998) described procedures to detect two common viruses of apples in in vitro plants. Monette et al. (1990) readily sap-transmitted grapevine virus A, which was previously transmissible only with difficulty, from grapevine tissue cultures to Nicotiana benthamiana Domin. Tissue cultures may even lend themselves to new ways of detecting pathogens. For example, exocortis viroid in citrus was detected by the callusing and rooting reaction of stem pieces in cultures (Navarro, 1981) .
The value of cultured tissues as a source of samples for tests for pathogens offers additional benefits. For example, there is no limit on the time of year in which tests can be conducted because growing conditions, such as temperature and light, can be controlled. Tissue cultures require much less space than do potted plants and the problem of insect and mite control can be averted. There can be no doubt that cultures of plant tissues will assume a more significant role in the international exchange and quarantine of germplasm in the future. A B
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